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Summary 

A particle beam has been developed which can be interfaced with a sector mass 
spectrometer. The instrumentation has been used to investigate the determination of polynuclear 
aromadc hydnx:arb(Kis (PAHs). In addition, fast-atom bombardment was investigated for the 
determination of the important pesticide benomyl and for a study into the formation of (sodium 
oxalate)' and (potassium oxalate)': on pairs. As pan of our study on benomyl, we also discovered a 
technique which allows stable standards of benomyl to be prepared. It has been difficult to 
determine benomyl heretofor because of its instability in organic solvents and in water around 
pH7. 

In the first report, we described the construction of the ultra-sonic particle beam generator. 
This report describes, in detail, the results of our investigations described above. 

Some work is continuing and will be written up in the MSc thesis of Xiao He. A copy of 
the thesis will be bound and forwarded to Dr. Taguchi upon completion of Ihe project as an 
appendix (expected date: May, 1994). 

The appendix wiU contain the results of Ms. He's investigations into the behaviour of azo 
dyes, chlorinated pesticides, and nitio-PAHs. It appears, ftom the resulte we have thus far, that 
nitro-PAHs undergo significant (~1(X)% in some cases) reduction to amino compounds. The 
significance of this reduction process on nitro-PAHs and, perhaps, on other reducible compounds 
may have implications for the interpretation of the mass spectra of these compounds. 
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Part I : Determination of Polycyclic Aromatic Hydrocarbons by 
High Performance Liquid Chromatography - Particie 
Beam • Mass Spectrometry 

Abstract 

In this part we report a high perfornnance liquid chromatography-particte beam- 
mass spectrometric (HPLC-PB-MS) method for the determination of polycyclic 
aromatic hydrocarbons (PAH's). The particle beam (PB) interface consists of a 
concentric ultrasonic nebulizer with temperature controlled desolvation chamber 
and a three-stage momentum separator. The HPLC-PB-MS method showed 
greater sensitivity for PAH's with molecular weight greater than 1 78 than PAH's 
with molecular weights lower 178. The percent relative standard deviations for the 
determination of 0.5 ng chrysene, 1,0 ng dibenzo[a,h]anthracene, 1.0 ng 
benzo[g,h,i]perylene and 2.5 ng coronene were 20%, 2.5%, 13.7 % and 6 %, 
respectively. The detection limits at signal/noise = 3 were 0.2 ng for chrysene, 1.0 
ng for dibenzo[a,h|anthracene, 0.5 ng for benzo[g,h,t]perylene and 1 .5 ng for 
coronene. 



Polycyclic aromatic hydrocarbons, commonly known as PAH's, are widespread in 
the environment [1-41. Since several of these compounds are well known 
carcinogens, their determination in water, air, sediment, biota and foodstuffs is 
required to be made routinely. HPLC with UV and fluorescence detection [5-6] and 
gas chromatography-mass spectrometry (GC-MS) [7-9] are normally used for the 
determination of low levels of PAH's in various matrices. However, none of these 
methods is free from problems. The most serious problem of HPLC/UV is that It 
relies on a single parameter i.e., retention time, for the identification of solutes. On 
the other hand, GC-MS is reported to give poor sensitivity for late eluting PAH's 
[10]. Mass spectrometry, which allows the analyst to acquire considerable 
structural information, may be able to solve the problem of identification of solute, if 
used as a detector in combination with HPLC. 

Because of the potential advantage of HPLC-MS over conventional HPLC/UV 
and GC-MS methods, outlined above, serious efforts have been made in recent 
years to interface an HPLC with the mass spectrometer [11-13]. These efforts 
include direct liquid introduction (DLI) [14], thermospray [15-19], electrospray [20- 
22], ion evaporation [13], nebulization into an atmospheric pressure chemical 
Ionization source (APCI) [23-27], and particle beam interfaces (PB) [29-31]. The 
particle beam interface allows separation of the analytes from the HPLC eluent and 
delivers them to a conventional electron impact (El) source, thus generating library- 
searchable El spectra of the analytes. This makes particle beam mass 
spectrometry a valuable technique among HPLC-MS methods. 

The PB interface was originally developed by Willoughby and Browner [29-30], 
as a helium nebulized monodisperse aerosol generating analyzer. Normally, in the 
PB interface, HPLC effluent is pneumatically nebulized into a desolvation chamber. 
Analyte molecules in the solvent stream nucleate to form sub-micrometer particles 
in the desolvation chamber. These particles are separated from the solvent vapour 
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molecules in a two- or three-stage momentum separator and are subsequently 



■ transported to the ion source of the mass spectrometer. 



I At the present time, a number of PB interfaces are commercially available, 

normally with a concentric pneumatic nebulizer system [29-36]. The sample is 
nebulized by helium at flow rates of 0.5 to 10 L mtn'''. These interfaces can 
transport HPLC effluents of flow rates ranging from 0.1 mL min""' to 1.0 mL min""' to 
MS ion source. An ultrasonic nebulizer with controlled heating of the desolvation 

H chamber was also developed by Ligon and Dorn [31]. In this particle beam 

interface, an ultrasonic nebulizer was used to nebulize HPLC effluent delivered 
externally at an angle to the tip of the ultrasonic horn. The dispersion gas was 
delivered axially through the ultrasonic nebulizer tip. A three-stage momentum 
separator was used to remove HPLC solvent and dispersion gas from the central 
particle beam. This interface was especially designed to connect an HPLC, 
running at high eluent flow rates (> 1.0 mL min*'' ) , to a magnetic sector mass 
spectrometer. 

In recent years, several papers have reported the use of PB mass spectrometry 
for the determination of organic compounds, especially, polar compounds such as 
caffeine, pesticides and pharmaceutical compounds [29-42]. However, to our 
knowledge, PB mass spectrometry has not been used for the determination of 

I PAH'S. Therefore, the purpose of this part was to develop a HPLC-PB-MS method 

for the determination of PAH's. The PB interface, used here, was a modified 
version of the PB interface, originally designed by Ligon and Dorn [31]. The 
modified interface consisted of a concentric ultrasonic nebulizer with temperature 
controlled desolvation chamber and a three-stage momentum separator. 



Experimental 

Chemicals 

Acenaphthylene, acenaphthene, ftuorene, phenanthrene, chrysene, 
dibenzo[a.h]anthracene, dibenzo[g.h,i]perylene and coronene were obtained from 
Aldrich Chemical Company, Inc., P.O. Box 355, Milwaukee, WIS 53201. HPLC 
grade ammonium acetate was from Fisher Scientific, New Jersey 07410. 

Solvents 

Acetonitrile and methanol were HPLC grade from Caledon Laboratories, Ltd., 

Georgetown, Ontario L7G 4R9, Canada. Water was distilled in glass in the 

laboratory. 

High Performance Liquid Chromatograph 

The liquid chromatograph used was a Waters 600-MS system controller with a 
Waters 441 UV/VIS absorbance detector. Separation of PAH's was achieved on 
Vydac reversed phase C-18, S\i, 15 cm X 4.6 mm (i.d.) column and Phenomenex 
Ultracarb 5 ^i ODS (20) 150 x 2 mm and Ultracarb 3 \i ODS (20) 150 x 2 mm 
columns. The mobile phases used were acetonitrile, methanol, and methanol 
containing small amount of ammonium acetate. The UV detector was operated at 
254 nm with detector sensitivity of 0.05 AUFS. Peaks were integrated on a Hewlett 
Packard HP 3396 Series II integrator. The total system was operated at ambient 
temperature. 

Particle Beam Interface 

A schematic diagram of the PB interface is shown in Figure 1 . The design of the 

ultrasonic head, desolvation chamber, nozzle and three stage momentum 



separator up to the second stage, was similar to that reported by Ligon and Dorn 
[31], except that the effluent from the HPLC was delivered co-axially via a silica 
capillary (0.075 mm i.d. and 0.34 mm o.d.) and nebulized at the exit end of the 
ultrasonic head by a fast, concentric flow of helium gas, at 900 mL min""'. The 
transducer was situated in the body of ultrasonic horn (indicated by 'c' in Fig. 1). 
The end of silica capillary was positioned at>out 2 mm behind the tip of ultrasonic 
head (i. d. at the tip « 1 mm). The transfer tube, which included a third stage of 
vacuum separator, was based on the Kratos PB interface design. The two 
diametrically opposed pumping ports of the first stage were connected to a Welch 
Duo Seal Vacuum Pump with 500 L min"'' pumping speed. The ports of the 
second identical stage were connected to a Edwards High Vacuum pump with 300 
L min*'' pumping speed. The third, and last, stage was pumped by an Edwards 
High Vacuum pump with 150 L min""' pumping speed. The heated walls of the 
source provided thermal energy for instant volatilization of the particles. The 
ionization of the gaseous phase of volatilized particles is occurred by electron 
impact (El). 

Mass Spectrometer 

A Kratos Concept IS double-focussing mass spectrometer (Kratos Analytical, 
Urmston, Manchester, UK) (E/B Configuration) employing a EI/CI source, was used 
for mass spectrometric analyses. The instrument was controlled by a Kratos DS 90 
Data General Eclipse-based computer system. A Kratos Mach 3 data system 
running on a SUN SPARC station was used for further data work-up. For all 
studies, a nominal resolving power of 1000 was used. The standard EI-CI source, 
operated at temperatures 220-300 C and 6 kV accelerating potential, was used. 
The scan rate was 3.0 seconds per decade for full scan acquisition. SIM 
acquisitions were made under the same instrumental conditions as described 



above using a 0.6 to 1 .0 sec cycle time for the PAH groups of interests. The PB-MS 
s/stem was tuned and mass calibrated with perfluorokerosene (PFK). 

Results 

Particle Beam Interface 

Since we were going to use a magnetic sector mass spectrometer, we chose to 
build a nebulizing system similar to that of Ligon and Dorn [31]. However, the 
interface described by Ugon and Dom [31] did not work for us as we experienced 
problems of signal reproducibility, apparently caused by the mis-alignment 
between aerosol beam, nozzle and the three-stage momentum separator. While, in 
theory, the Ugon and Dom design should give satisfactory results, as constructed 
by our shops, the nebulizer alignment with the rest of the interface was critical. To 
confirm this, we constructed a clean plastic desolvation chamber to observe the 
spray profile of target area. The results of this experiment indicated that much of 
the aerosol beam was not focussed on the nozzle (as it was targeting different parts 
of nozzle cone) due, perhaps, to the tendency of the tangential capillary to wander 
when the ultrasonic horn was under power. To solve this problem, we re-designed 
the ultrasonic inlet to accommodate a concentric sample delivery capillary. The 
modified nebulizing system with concentric pneumatic ultrasonic nebulizer (Figure 
1) resulted in immediate improvements in the alignment stability and signal 
reproducibility . Although the exact mechanism by which oscillation of the 
transducer is coupled to the liquid in the concentric pneumatic ultrasonic nebulizer 
is not known, the sensitivity of the signals clearly illustrate the function of the 
ultrasonic horn in the modified nebulizer. With the ultrasonic horn turned off, no 
signal for 20 ng chrysene was detected: whereas the same quantity gave 400,000 
peak area counts with the ultrasonic horn under power. The stability of the 



ultrasonic horn and the reproducibly of results suggest that the transducer, which 
has an energy of about 2 watt, Is being cooled primarily by the expanding gas. 

Response ofPB-MS for Different PAH's 

Figure 2 shows the relative responses of different PAH's obtained by PB-MS. The 
samples were injected directly Into methanol streams flowing at 0.3 mL min^"! flow 
rate. It is quite obvious from Figure 2 that the sensitivity of PB-MS method was 
greater for PAH's with molecular weight > 1 78 than for PAH's with molecular weight 
< 178. Since the GC-MS method is reported to give relatively poor sensitivity for 
late eluting PAH peaks [4], the strong signals of chrysene (228), 
dibenzo[a,h]anthracene (278), benzo[g,h,i]perylene (276), and coronene (300), 
shown in Figure 2. prompted us to concentrate our efforts to develop a HPLC-PB- 
fk^S method for the determination of relatively high molecular weight PAH's, 

The sensitivity of the PB interface was optimized for the solvent of the HPLC 
mobile phase, eluent flow rate, and source temperature. Optimization of the 
sensitivity of solute was normally carried out by using chrysene, since, as will be 
reported later, chrysene showed higher signal sensitivity than other PAH's. 

Effect of Solvent of the hAobile Phase on Chrysene Signal 

For HPLC separation of PAH's, normally, acetonitrile and methanol solvents were 
used in the mobile phase. The sensitivity of the chrysene signal was compared, 
using mobile phase solvents acetonitrile and methanol under direct flow Injection 
(without a column) conditions. The representative mass chromatograms of 
chrysene in acetonitrile and methanol solvents are shown in Figure 3. Because 
methanol provided higher sensitivity for chrysene signal compared to acetonitrile, 
under identical operating conditions, methanol was used as the mobile phase in all 
the determinations reported in this paper. 



Effect of Eluent Flow Rate on Chrysene Signal and Selection ofHPLC Column 
Since the dispersion gas, helium, was used at a fixed flow rate of 0.9 L min*'l , the 
sensitivity of the chrysene signal was optimized by changing the eluent flow rate. 
The results of these experiments revealed that the sensitivity of the chrysene signal 
between flow rates 100 - 300 p.L min''' remained apparently constant (peak area 
counts = 1.2 - 1.5 X 10^). However, the sensitivity of the chrysene signal 
decreased substantially at the eluent flow rates higher than 300 |iL min~1. The 
signal counts decreased from 1.3 x 10^ at a flow rate of 300 ^L min"'' to 0.3 x 10^ 
at a flow rate of 400 |iL min"''. Therefore, to increase the sensitivity, minibore 
columns (2 mm internal diameter (i.d.)) were used for the separation and 
determination of PAH's because of their favorable flow rates and faster speed 
(faster elution behavior) compared to conventional (4.6 mm i.d.) HPLC columns. 
Figure 4 shows the comparison of chromatograms, depicting the separation of 
chrysene, dibenzo[a,h] anthracene, benzo[g,h,i]perylene, and coronene, on a 2 mm 
i.d. column (with 0.3 mL min*"' flow rate) and 4.6 mm i.d. column (with flow rate 1.0 
mL min*'' ), It is clear from Figure 4 that the 2 mm i.d. column not only showed a 
faster separation of PAH's but also showed high sensitivity for all four PAH's, 
compared to the 4.6 mm i.d. column. 

Effect of Source Temperature on Chrysene and Coronene Signals 
Figure 5 shows the effect of MS source temperature on intensity of chrysene (m/z = 
228) and coronene (m/z ■ 300) signals. Although source temperature did not have 
any effect on the sensitivity of the chrysene signal, a higher sensitivity and better 
peak shape for coronene was obtained at a temperature close to 280 C, apparently 
due to the lower volatility of coronene (m.p. = 428 C) than chrysene (m.p. = 255 C). 
Therefore, determinations involving coronene and other high molecular weight 
PAH's were made at a source temperature of 275-280 C. 



Separation and Determination of Chrysene, Dibenzo[a,h}anthracen0 and 
Benzofg.hJJperylene by Full Scan Acquisition 

Since the HPLC-PB-MS system showed good sensitivity for PAH' with molecular 
weights greater than 1 78, efforts were made to develop suitable conditions for their 
determination by full scan acquisition method. Figure 6 shows the effect of 
methanol flow rate on the intensity of chrysene, dibenzo[a,h]anthracene and 
benzo[g,h,i]perylene signals. As shown in Figure 6, the effect of eluent flow rate 
through the column on the intensity of the signals of PAH's appears to be different 
from the effect observed when the column was by-passed. In fact, the intensity of 
signals increased with the increase in eluent flow rate through the column, due 
perhaps to relatively sharper elution of PAH's at high flow rates than at low flow 
rates. 

Figure 7 shows the total Ion current mass chromatogram for the separation of 20 
ng each of chrysene, dibenzo[a,h]anthracene and ben2o[g,h,i]perylene. Peak 1 is 
due to an impurity of mass 178. Peaks 2. 3, and 4 are due to chrysene, 
dibenzo[a,h]anthracene and benzoIg,h,i]perylene, respectively. The mass 
chromatogram was not smoothed and showed the typical noise level. The 
spectrum of peak 2 (Figure 8) shows a clear molecular ion at m/z 228. The 
spectrum matched favorably with the library spectrum of chrysene (tower spectrum, 
Figure 8). This confirms that no degradation of chrysene has occurred when 
passed through the particle beam interface and that the fragmentation pattern is 
consistent with the molecular stnjcture and reference El spectrum of chrysene. 
Peaks 3 and 4 also generated high quality spectra for dibenzo[a,h]anthracene and 
benzo[g,h,i]perylene. These results suggest that the quality of El spectra obtained 
for PAH's, after their determination by HPLC -PB-MS, are of sufficiently good for 
identification of these compounds by searching the library. 



The detection limits (3 x noise) by full scan acquisition tor chrysene, 
dibenzo[a,h]anthracene and benzo[g,h,ilperylene were estimated at 2.0 ng, 4.0 ng 
and 2.0 ng, respectively. 

Effect of Ammonium Acetate in the Eluent on Sensitivity 

It has been reported that addition of small amounts of ammonium acetate in the 
eluent produced substantial enhancement in the signals of some anatytes during 
their determination by HPLC-PB-MS 127, 34). Consequently, the effect of 
ammonium acetate in methanol on the signal intensity of chrysene was 
investigated. The results of these experiments showed that addition of a small 
amount of ammonium acetate (at 0.05 g per 100 mL) in methanol enhanced the 
signal of chrysene by approximately 2.5 times. Ammonium acetate in amounts 
larger than 0.05 g per 100 mL, however, showed no further enhancement of the 
chrysene signal. 

Figure 9 shows the effect of ammonium acetate on signal sensitivities of 
chrysene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene peak, and coronene. 
Again it is clear from the mass chromatograms that addition of 0.05 g / 100 mL 
ammonium acetate in methanol substantially enhanced the signal of all four PAH's. 

Although enhancement in the signal of analytes by the addition of ammonium 
acetate in the eluent is not clearly understood, it is commonly believed that 
ammonium acetate may enhance the rate of nucleation process of solutes to form 
sub-micrometer particles, which can be transported to MS ion source. 

Separation and Determination of Chrysene, Dibenzo[a.hJanthracene, 
Benzo[g,h,iJperyiene and Coronene by Selected Ion Monitoring 
The determination of chrysene. dibenzo[a,h]anthracene, benzo[g,h,i]perylene and 
coronene was also investigated by selected ion monitoring. Figure 10 shows the 
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single ion monitonng trace of a mixture containing 0.5 ng chrysene, 1.0 ng of 
dibenzo[a,h]anthrac6ne and benzo[g,h,i]perylene and 2.5 ng of coronene. On the 
basis of three consecutive injections, as shown in Figure 14, we have calculated 
the reproducibility of the determination of these PAH"s and their signal to noise 
ratio. The percent relative standard deviations calculated for chrysene, 
dibenzo[a,h]anthracene, benzo[g,h,i]perylene and coronene were respectively, 
20%, 2.5%, 13.7 % and 6 %. The signal to noise ratios were 10 for chrysene, 2.5 
for dibenzo[a,h]anthracene, 6 for benzo[g,h.t]perylene and 4.5 for coronene. On the 
basis of these data, the estimated detection limits were as follows: 200.0 pg for 
chrysene, 1.0 ng for dibenzo[a,h]anthracene, 500.0 pg for benzo[g,h,i]perylene and 
2.0 ng for coronene. 

The last chromatogram in Figure 10 shows the trace of single ion monitoring of 
the same mixture used in first three chromatograms (i.e., the mixture containing 0.5 
ng (10 nL of 50 ppb) chrysene, 1.0 ng (10 nL of 100 ppb) of dibenzo[a,h]anthracene 
and benzo[g,h,i]pery!ene, and 2.5 ng (10 nL of 250 ppb) of coronene) but in 90% 
tap water and 10% acetonitrile instead in 100% acetonitrile. 

Calibration 

Figure 1 1 shows the calibration graphs for chrysene, dibenzo[a,h]anthracene and 
benzo[g,h,i]perylene. The plots of area counts of the signals against the 
concentrations of chrysene, dibenzo[a,h]anthracene and benzotg,h,i]perylene 
generated straight line calibrations, over the range of concentrations investigated. 
The straight line calibrations suggest that the HPLC-PB-MS method reported here 
can be used for quantitative determination of PAH's. 
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Discussion 

Although ultrasonic heads have been used for a long time for nebulizing effluents 
[42], Ligon and Dorn [31] were the first to use it In a particle beam interface. 
However, in our device, it was extremely difficult to keep good alignment between 
aerosol beam, nozzle, and three stage momentum separator when HPLC effluent 
was delivered tangentially to the ultrasonic tip, in the manner described by Ligon, 
and Dorn [30]. With the concentric ultrasonic nebulizer, however, the alignment 
problem is eliminated. 

From the literature [29-36], it is clear that the main limitation of the PB method is 
its poor sensitivity. In this paper we have shown that HPLC-PB-MS method can 
detect ng amounts of high molecular weight PAH's. The sensitivity of the PAH's 
can be related to the intensity of their El spectra as well as to their high transfer rate 
into the MS ion source. The transfer rate for chrysene was estimated at 
approximately 40 % based on the solid probe-El and PB-MS-EI determinations. 
The detection limit obtained by the method described here for chrysene is 
comparable to HPLC with fluorescent detection [43|. 

Since a direct comparison of detection limit for chrysene or other PAH's with 
other PB interfaces was not possible, we determined the detection limits for 
carbaryl, which had previously been published. Using a Hewlett-Packard 59980A 
PB interface. Pleasance et al. [27] have reported a detection limit of 10 ng for 
carbaryl under SIM acquisition conditions. Using the system described in this 
paper, detection of about 1 ng carbaryl is possible under SIM conditions. Hence 
the PB interface with a concentric pneumatic ultrasonic nebulizer, described in this 
work, is more sensitive compared to a commercially available PB Interface with a 
concentric pneumatic nebulizer. This may be due to a better transfer rate of solutes 
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through this PB interface than others, as very !ow transfer rates for some solutes 
through commercially available PB interface are reported in the literature [44]. 

In conclusion, the HPLC-PB-MS method reported here has revealed high 
sensitivity for PAH's. The high sensitivity of the method for PAHs with molecular 
weights > 178 can be exploited in developing a HPLC-PB-MS method, 
complementary to the popular GC-MS method, for the determination of high 
molecular weight PAH's. 
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Figure Captions 

Figure 1. Schematic diagram of particle beam interface with concentric ultrasonic 
pneumatic nebulizer, controlled heating of desolvation chamber and 
three stage momentum separator. 

Figure 2. HPLC-PB-MS response for different PAH's; 152 - acenaphthylene, 154 
= acenaphthene, 166 = fluorene, 178 = phenanthrene. 228 = chrysene, 
276 8 benzo[g,h,i]perylene. 278 = dibenz[a,h]anthracene, and 300 « 
coronene. 

Figure 3. Effect of eluent (solvent) on 20 ng signal of chrysene: Signal 1 is with 
f\^eCN (injection was made at approximately 6.3 min); Signal 2 is with 
100% MeOH (MeOH as eluent was started at about 30 min, injection 
was made at approximately 51.3 min); Flow rate « 0.3 mL min^l . 

Figure 4. HPLC-UV chromatograms showing the separation of 5 ng chrysene 
(228), 10 ng diben2[a,h]anthracene (278), 10 ng benzoIg,h,i]perylene 
(276), and 25 ng coronene (300) ; Upper chromatogram with 15 cm x 2 
mm, 3 n, C-18 silica column. Lower chromatogram with 15 cm x 4.6 mm, 
5 li, C-18 silica column; Eluent =100 % MeOH; Flow rate = 0.3 mL min^ 
1 for 2 mm column and 1.0 mL min"! for 4.6 mm column. 

Figure 5. Effect of source temperature on the sensitivity of chrysene and 
coronene. 

Figure 6. Effect of MeOH flow rate (through the column) on the signals of masses 
228, 276 and 278; Column = 15 cm x 2 mm, 5 \i, C-18 silica, eluent = 
1 00 % methanol. 

Figure 7. Total ion current mass chromatogram of 20 ng each of chrysene (228), 
dibenz[a,h]anthracGne (278) and benzolg.h.ijperylene (276).; Column » 
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15 cm X 2 mm, 5 \i, C-18 silica, eluent » 100 % methanol, flow rate = 0.5 
mL min"'', 

Rgure 8. El mass spectrum of peak 2, 20 ng chrysene (upper) with library 
spectrum (lower). 

Figure 9. HPLC-PB mass chromatograms showing the separation of 5 ng 
chrysene (228). 10 ng dibenz[a,h]anthracene (278), 10 ng 
benzo[g,h,i]perylene (276), and 25 ng coronene (300) ; Column = 15 
cm X 2 mm, 3 \i, C-18 silica, Eluent for first chromatogram «100 % 
MeOH; eluent for second chromatogram = MeOH containing 0.05 % 
ammonium acetate, flow rate = 0.3 mL min""'. 

Figure 10. SIM trace of 0.5 ng chrysene (228), 1 ng dibenz[a,h]anthracene (278), 1 
ng benzo[g,h,i]perylene (276), and 2.5 ng coronene (300) (First three 
chromatograms) ; Last (fourth) chromatogram is SIM trace of 0.5 ng 
chrysene (228), 1 ng dibenz[a,h]anthracene (278), 1 ng 
benzo[g,h,ilperytene (276). and 2.5 ng coronene (300) in 10% MeCN + 
90% tap water; Column « 15 cm x 2 mm, 3 n. C-18 silica, eluent = 
MeOH containing 0.05% ammonium acetate, flow rate = 0.3 mLmin""'. 

Rgure 11. Calibration graphs for chrysene (228), dibenz[a,h]anthracene (278), 
and benzo[g.h,i]perylene (276) 
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Part II: Determination of Benomyl and its Degradation Compounds 
by Particle Beam Mass Spectromery (PB-MS) and Fast- 
Atom Bombardment Mass Spectrometry (FAB-MS) 
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Part II A: Investigation by Particle Beam and Fast-Atom Bombardment Mass 
Spectrometry of the Degradation Compounds of Fungicide Benomyl Methyl [1- 
(Butylcarbamoyi)-1H-benzlmldazol-2-yilcarbamate 

Abstract 

This part reports our results on the particle beam - mass spectrometric (PB- 
MS) and fast-atom bombardment mass spectrometric (FAB-MS) analysts of the 
degradation compounds of methyl [1-(Butylcarbamoyl)-1H-benzimidazol-2- 
yi]carbamate (benomyl) i.e., methyl 1 H-benzimidazol-2-ylcarbamate (carbendazim, 
more commonly called MBC), 3-butyl-2,4-dioxo-s-triazino[1,2-a]benzimidazole 
(STB) and, 1-(2-benzimidazolyl)-3-n-butylurea (BBU), and 2-aminobenzimidazole 
(2-AB). Determination of these compounds is important in different matrices such 
as crops, soil and water and is of health and environmental importance. It is 
reported in this paper that PB-MS method showed good sensitivity (at 10 mg L' ) 
for quantitative and / or qualitative determination of MBC and 2-AB. Preliminary 
results on FAB-MS investigation of these compounds indicated that 3-nitrobenzyl 
alcohol is a good matrix for the determination of these compounds by the FAB-MS 
technique. Very high sensitivity for the determination of 2-AB in 3-nitrobenzyl 
alcohol is obtained by FAB-MS method. 

Introduction 

Benomyl (Methyl [1 -(Butylcarbamoyl)-I H-benzimidazol-2-yl]carbamate) is one 
of the most widely used systemic fungicides. For many years benomyl has been 
successfully used for the control of many plant diseases (1-6). Recently, use of 
benomyl was estimated at 2000,000 lbs of active Ingredient per year (7). In 
aqueous solutions, at ambient temperature, benomyl is not stable and converts to 
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methyl 1H-berTzimida20l-2-ylcarbamate (carbendazim, more commonly called 
MBC), 3-butyl-2,4-dioxo-s-tria2ino[1,2-a]benzimidazole (STB), 1-(2- 
benzimidazolyl)-3-n-butylurea (BBU), and 2-aminobenzimldazold (2-AB) 
depending upon the pH of the solutions as follows (8): 

benomyl /E MBC + BIC (pH - 3 to 7, /t - 3.16 x 10-5 Sec-"', BIC = butyl 

isocyanate) 

benomyl /E STB (pH = 13.0, /c= 1.0 x 10-2 Sec-1). 

STB /E BBU (pH - 13.0, ^c- 5.3 x 10"^ Sec'l) 

MBC /E 2-AB (pH = 1 4.0. /c - 1 .3 x 1 0'^ Sec'l ). 

Although the k values for the degradation of benomyl to STB and BBU, and for 
MBC to 2-AB are reported at very high pHs, which may not exist in real samples, 
these conversions may also occur at lower pHs at degradation rates slower than 
mentioned here. The conversion of benomyl to 2-AB has also been reported to 
occur in soil and animals (9-10). Benomyl slowly converts to its stable degradation 
compounds, carbendazim. 2-AB, STB and / or BBU depending upon pH and the 
medium. Therefore, the determination of degradation compounds of benomyl in 
environmental water, soil extracts, and crops is important. Determination of these 
compounds is also of analytical importance, as in most cases benomyl is 
determined in the form of its stable degradation compounds MBC. 2-AB and BBU 
(7, 10-29). Singh and Chiba (30) and Chiba and Singh (31) developed a method 
to determine benomyl and MBC Individually by converting benomyl to STB while 
MBC remained intact under those conditions. 

For the determination of carbendazim, STB, BBU, and 2-AB, HPLC and GC 
techniques have usually been used (10, 12-31). However, methods Involving 
mass spectrometry have not been developed for the determination of these 
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degradation compounds of benomyl. The only report involving mass spectrometry 
is by Liu et al. (7) who used a high-performance liquid chromatography / 
thermospray / mass spectrometry / selective ion monitoring method for the 
determination of fy^BC. This method was used for the determination of benomyl as 
MBC in tomatoes, peaches and apples. 

Since mass spectrometry provides staicturat identification of the compounds, in 
addition to their quantification, in this paper we report the preliminary results of the 
analysis of carbendazim, STB, B6U. and 2-AB by particle beam - mass 
spectrometry (PB-fy/IS), and fast- atom bombardment mass spectrometry (FAB-MS) 
in two commonly used matrices, glycerol and 3-nitrobenzyl alcohol. The particle 
beam interface (32-34) is one of the several interfaces (35-51) currently used to 
interface an HPLC with the mass spectrometer. Although particle beam / mass 
spectrometry does not show high sensitivity for the majority of the analytes which 
are analyzed by HPLC-PB-MS (52-61), its ability to generate library searchable El 
spectra of analytes makes it a valuable technique among HPLC-MS methods. 
FAB-MS, since its development by Barber et al. (62) and Surman and Vickerman 
(63), has been established as a powerful analytical technique for both qualitative 
and quantitative determination of a number of analytes (64-68). 



Experimental 

Reagents 

(a) MBC — Analytical standard MBC, was obtained from E.I. du Pont de 
Nemours and Co., Inc., Delaware. Purity of MBC was assumed to be 100%. 
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(b) STB and BBU — STB and BBU were prepared from benomyl as reported 
earlier (14). The purity of STB and BBU was tested by HPLC and assumed to be 
1 00% in this study. 

(c) 2-AB — 2-AB was obtained from Aldrich Chemical Company Inc. Milwaukee 
WIS. 

Th© molecular structures of MBC, STB, BBU and 2-AB are shown in Figure 1. 

(d) Solvents — Methanol and acetonitrile, used in this work were HPLC-grade 
reagent from Caledon Laboratories Ltd., Georgetown, Ontario. 

(e) Other Reagents— Spectrophotometric grade glycerol and 3-nitrobenzyl 
alcohol (3-NBA} were obtained from Aldrich Chemical Company, Inc., Milwaukee, 
WIS. 

Standard Solutions 

Standard solutions of MBC, BBU and 2-AB were prepared in methanol at 1 00 
mg L" (weighed to the nearest 0.1 mg). The 100 mg L" standard solution of STB 
was prepared in acetonitrile (weighed to the nearest 0.1 mg). 

Particle Beam - Mass Spectrometry 

The particle (PB) Interface, reported earlier (69) was used. The design of the 
ultrasonic head, desolvation chamber, nozzle and three stage momentum 
separator up to the second stage, was similar to that reported by Ligon and Dorn 
[34], except that the effluent from the HPLC was delivered co-axlally via a silica 
capillary and nebulized at the exit end of the ultrasonic head by a fast, concentric 
flow of helium gas, optimized at 900 mL min"!. The end of the silica capillary was 
positioned about 2 mm behind the tip of ultrasonic head. The transfer tube, which 
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included a third stage of the vacuum separator, was based on the Kratos PB 
interface design. The whole PB interface was constructed in the machine shops at 
Brock University. The two diametrically opposed pumping ports of the first stage 
were connected to a 500 L min'^ Welch Duo Seal Vacuum Pump. The ports of the 
second identical stage were connected to a 300 L min"! Edwards High Vacuum 
pump. The third, and last, stage was pumped by an Edwards High Vacuum pump 
with 150 L min""! pumping speed. A Kratos Concept IS double-focussing mass 
spectrometer (Kratos Analytical, Urmston, Manchester, UK) (E/B Configuration) 
employing a EI/CI source, was used for mass spectrometric analyses. The 
instrument was controlled by a Kratos Mach 3 data system running on a SUN 
SPARC station. For all studies, a nominal resolving power of 1000 was used. The 
standard EICI source, operated at temperatures 220-300 'C and 6 kV accelerating 
potential, was used. The scan rate was 3.0 seconds per decade for full scan 
acquisition. The PB-MS system was tuned and mass calibrated with 
perfluorokerosene (PFK). 

The liquid chromatograph used was a Waters 600-MS system controller with a 
20 M^L sample loop. Methanol was used as the mobile phase and pumped at a rate 
of 0.3mLmin''>. 

FAB Mass Spectrometry 

A Kratos Concept IS double-focussing mass spectrometer (described above) 
using a fast atom bombardment (FAB) source, was operated in both positive and 
negative ion modes. The instrument was controlled by a Kratos DS 90 Data 
General Eclipse based computer system. A Kratos Mach 3 data system running on 
a SUN SPARC station was used for further data work-up. For all studies, a 
nominal resolving power of 1000 was used. The spectrometer was fitted with an 



Ion Tech Saddle field atom gun and xenon was used as the fast-atom beam. The 
fast-atom beam energy was 7.5 keV and the density corresponding to an emission 
current was about 1 mA. The source was operated at room temperature and 8 kV 
accelerating potential. The scan rate was 10 sec per decade. Approximately one 
microliter solution of different compounds in glycerol and 3-nitrobenzyl alcohol was 
placed on the probe tip for FAB-MS determination. 

Results and Discussion 

Particle Beam - Mass Spectrometry 

Figure 2 shows the relative responses of 100 ng each of 2-AB, MBC, STB and 

BBU obtained by PB-MS analysis of individual compounds. The samples were 

.1 

injected directly into methanol streams flowing at 0.3 mL min flow rate (no 

column was used) at source temperature of 200 *C. It is clear from Figure 2 that the 
sensitivity of PB-MS was substantially greater for 2-AB than for other degradation 
compounds at 100 ng levels. 

Figure 3 shows the effect of f^S source temperature on sensitivity of 2-AB (m/z = 
133). It is clear that sensitivity of 2-AB is enhanced at a source temperature of 250 
'C. Therefore, all the studies reported below were carried out at a source 
temperature of 250 'C. 

Figure 4 shows the mass chromatograms of different concentrations of 2-AB. 
The spectrum of total ion current (TIC) mass chromatogram peak of 10 mg L" 
solution (Figure 5) shows molecular ion at m/z 133. The spectrum matched 
favorably with the library spectrum of 2-aminobenzimidazole (lower spectrum, 
Figure 5). This confirms that no degradation of 2-AB has occurred when it is 
passed through the particle beam interface and that the fragmentation pattern is 
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consistent with the molecular structure and reference El spectrum of 2-AB. This 
also suggest that 2-AB can be determined in solutions containing 10 mg L~ or 
greater by PB-MS using full scan acquisition. This sensitivity of 2-AB is 

■ 

comparable with many other analytes determined by LC-PB-MS (70) and is quite 
suffident for its determination, after a 1000 times concentration step (which is quite 
commonly attainable and often used) in real samples. PB-MS also generated 
similar data for MBC, as can be seen in Figures 6 and 7. 

The mass spectra obtained for STB and BBU through particle beam interface 
also compared well with their direct El spectra (lower spectra in Figures 8 and 9). 
Since reference spectra for STB and BBU were not found in the library, we report 
their solid probe El spectra wth their PB-MS El spectra. It is clear from Figures 8 
and 9 that PB-MS El spectrum of BBU was very similar to its solid probe El 
spectrum; however, intensities of major peaks in the PB-MS El spectaim of STB 
were slightly different than in solid probe El spectrum of STB. Despite the 
difference in the intensities of major peaks, we believe that the El spectrum of STB 
through PB interface is good enough for its identification through library search. 
The El spectra of STB and BBU obtained by solid probe, reported here, may be 
used as reference spectra for library searches in future studies on these 
compounds. 

The detection limits (3 x noise) by full scan acquisition for 2-AB was estimated 
to be as 5 mg L" ; however, only 10 mg L' 2-AB peak from TIC (total ion current) 
could be identified by the library search algorithm. Similar results were also 
obtained for the PB-MS determination of MBC. 

Linear responses were obtained for 2-AB and MBC in low concentration range 
(5 to 20 mg L' ): regression equation for 2-AB: y = 140433x - 313543; for MBC: y s 
31 2771 X - 460825; where x - mg L' and y - peak area counts (Figure 10). At a 
very high concentration (e.g. at 100 mg L' ) MBC showed proportionatty high 
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response; however, the response of 2-AB was out of proportion as it showed 
exceptionally high response at 100 mg L concentration. This indicated a nan^ow 
range of linearity for 2-AB. Figure 10 also indicates that 2-AB response was much 
higher than MBC at 100 mg L" level. However, at low concentrations, the 
difference in the sensitivity of the two compounds was not so substantial. 

In conclusion, preliminary results reported here on the PB - MS analysis of 2- 
AB, MBC, STB and BBU suggest that a LC-PB-MS method may be developed for 
the indirect determination of benomyl or for the determination of its degradation 
compounds. Although, as reported in the literature (51-60), the PB-MS method 
usually shows a poor sensitivity for most anatytes, because of its advantage In 
structural identification of analytes by mass spectrometry, the LC-PB-MS method 
may find applications in the determination of benomyl and its degradation 
compounds in real samples. 

Analysis of MBC, STB, BBU and 2'AB by FAB-MS in Glycerol and 3-Nitrobenzyl 
Alcohol Matrices 



2-AB — Figures 1 1 and 1 2 depict the FAB-MS spectra of 2-AB in glycerol and 

3-nitrobenzyl alcohol (3-NBA) matrices, respectively. In both matrices, a strong 

peak for the molecular ion of 2-AB i. e. (2-AB + H)'*" was obtained. These results 

suggest that 2-AB may be determined by FAB-MS with very high sensitivity. A 

comparison of FAB-MS spectra of 2-AB in glycerol and 3-NBA matrices shows that 

the FAB-MS spectrum of 2-AB was better in 3-NBA (Figure 12). In 3-NBA, peaks 
only related to 2-AB I. e. at m/z 1 34 for (2-AB + H)"^ ion and at m/z 267 for [(2-AB)2 

+ H]* were observed. Virtually no matrix peaks in the FAB-MS spectrum of 2-AB in 
3-NBA were observed. The absence of matrix (3-NBA) peaks suggest that a very 
high sensitivity for 2-AB may be obtained in 3-NBA by FAB-MS method. 
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MBC — Rgures 13 and 14 depict the FAB-MS spectra of MBC in glycerol and 
3-NBA matrices, respectively. The peak due to the molecular ion of fvfBC (i.e., 
(MBC + H"*") at m/z = 192 was obtained in both matrices. However, in both matrices 
the spectra were dominated by matrix peaks suggesting relatively poor sensitivity 
for MBC by FAB-MS methods in glycerol and 3-NBA matrices. A comparison of 
FAB-MS spectra of MBC in glycerol and 3-NBA matrices shows that, once again, 
the 3-NBA matrix (Figure 14) may give higher sensitivity for MBC than a glycerol 
matrix (Figure 14). 

BBU — FAB-MS spectra of BBU in glycerol and 3-NBA matrices are shown in 
Figures 15 and 16 respectively. It is clear from Figure 15 that the spectrum is 
dominated by glycerol peaks; only a small peak due to (BBU -i- H ) = at m/z 233 
was seen. This indicated poor sensitivity for BBU by FAB-MS method in glycerol. 
However, the FAB-MS spectrum of BBU in 3-NBA showed a strong peak for BBU at 
m/z 233. This again indicated that 3-NBA is the matrix of choice for FAB-MS 
determination of BBU. 

STB — In a similar fashion to BBU, a better FAB-MS spectrum for STB was 
obtained in 3-NBA than in glycerol (Figures 17 and 18). In glycerol, the FAB-MS 
spectrum showed only a small peak for STB at m/z 259 (Figure 17). A relatively 
stronger FAB-MS STB peak was obtained in 3-NBA (Figure 18). Slightly improved 
sensitivity for STB in a glycerol matrix was obtained in negative FAB-MS mode 
(Figure 19). 

In conclusion, FAB-MS results of the analysis of 2-AB, MBC, BBU and STB, 
reported here, suggest that 3-NBA matrix was better for all the compounds than 
glycerol. A very high sensitivity for 2-AB is expected by FAB-MS method in 3-NBA. 
The application for this finding can be extended for high sensitivity determination of 
2-AB in crops, soil and water. Benomyl and MBC, normally present in samples just 
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after the application of benomyl formulations may also be individually determined 

as 2-AB by analyzing a sample twice as follows: 

Analysis 1 . (a) Sample + organic solvent — Conversion of benomyl + MBC to 

I^BC 

(b) MBC (from a) + Concentrated alkali — Conversion of total MBC to 2-AB. 

Analysis 2. Sample + Concentrated alkali — Selective conversion of MBC to 2- 

AB; benomyl in this case will selectively convert to BBU. 

Finally, we would like to mention that, although the results reported here are 
preliminary in nature, these may be very timely and useful as, due to the recent 
controversy regarding the use of benomyl in some states of the U.S.A., methods of 
characterization and determination of benomyl and its degradation compounds in 
crops, soil and water are greatly required (71). Du Pont has named 15 universities 
in U.S.A. to provide independent tests on crops damage by Benlate DF fungicide, 
claimed by growers (71 ). 
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Figure Captions 

Rgure 1 . Molecular structures of MBC. STB. BBU and 2-AB. 

Figure 2. Particle beam-mass-spectrometric (PB-MS) sensitivities for 2-AB 

(rn/z m 133). MBC (nrVz - 159), BBU (m/z - 232) and STB (m/z - 258). 
Figure 3. Effect of source temperature on the sensitivity of 2-AB. 
Figure 4. Particle beam - mass chromatograms for different concentrations of 

2-AB. 
Rgure 5. PB-EI mass spectrum of total Ion current (TIC) of 10 mg L" 2-AB 

{upper spectrum) with library spectrum (lower spectrum). 
Figure 6. Particle beam - mass chromatograms for different concentrations of 

MBC. 
Figure 7. PB-EI mass spectmm of total ion current (TIC) of 10 mg L" MBC 

(upper spectrum) with library spectrum (lower spectrum). 
Rgure 8. PB-EI mass spectnjm of total Ion current (TIC) of 1 00 mg L' STB 

(upper spectnjm) vwth solid probe EI spectrum (lower spectrum). The 

abundances of peaks (m/z) in solid probe spectrum were as follows: 

258 (100%); 202 (42.8%); 159 (35.6%); 104 (14.7%); 55 (27.1%). 

-1 
Figure 9. PB-EI mass spectrum of total ion current (TIC) of 100 mg L BBU 

(upper spectrum) with solid probe El spectrum (lower spectrum). The 

abundances of peaks (m/z) in solid probe spectrum were as follows: 

232 (17.0%); 160 (23.7%); 159 (28.2%); 133 (100%); 105 (12.8%) 98 

(11.9%); 73 (17%); 56 (53.4%). 

Figure 10. Plots of the concentrations (mg L* ) of MBC and 2-AB versus peak 
area counts. 

Figure 1 1 . Positive ion FAB-MS spectrum of 2-AB in glycerol. 

Figure 12. Positive ion FAB-MS spectmm of 2-AB in 3-NBA. 
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Figure 13. Positive ion FAB-MS spectrum of MBC in glycerol. 

Figure 14. Positive ion FAB-MS spectrum ot MBC in 3-NBA. 

Figure 15. Positive ion FAB-MS spectaim of BBU in glycerol. 

Figure 16. Positive ion FAB-MS spectrum of BBU in 3-NBA. 

Figure 17. Positive Ion FAB-MS spectrum of STB in glycerol. 

Figure 18. Positive ion FAB-MS spectrnm of STB In 3-NBA. 

Figure 19. Negative ion FAB-MS spectrum of STO in glycerol. 
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Part tl B: Stabilization of Methyl [i-(Butylcarbamoyl)-1H-Benzimidazoi-2-yl] 
Carbamate (Benomyl) in Hydrochloric Add Solutions 

ABSTRACT 
In this part we report, for the first time, the preparation of stable stock solutions of 
benomyl (methyl [1-butyicarbamoyl)-1H-bGnzimidazol-2-yI] carbamate) in an 
aqueous medium. The stabilization of benomyl in acidic solutions was proven on 
the basis of a Wnetic study of benomyl decomposition to carbendazim in different 
concentrations of hydrochloric acid (0.001 to 10 M) by reversed phase high 
performance liquid chromatography (RP-HPLC). Known amounts of benomyl can 
be easily dissolved and stabilized in 5 M or higher concentrations of hydrochloric 
acid. Determinations by RP-HPLC in hydrochloric acid solutions of 5 M or higher 
concentrations showed no breakdown of benomyl at room temperature for at least 
14 days. The presence of benomyl in hydrochloric acid was also confirmed by 
mass spectrometry using fast atom bombardment (FAB). The stability of benomyl 
in 5-10 M hydrochloric acid also suggests that samples containing benomyl can be 
stabilized upon acidification. This stabilization of benomyl samples, after sampling, 
was not possible in the past. 

INTRODUCTION 

The systemic fungicide benomyl (methyl [1- (butylcariDamoyl)-1H-benzimidazol-2- 
yl] carbamate) has been successfully used for the control of many plant diseases 
for many years (Chiba et al.. 1987; Delp, 1987; Hall, 1980; Hammerschlag and 
Sisler, 1973; Kollar et al., 1982). According to a recent report (Liu et al., 1990) the 
National Research Council (USA) has estimated the use of benomyl at 2,000,000 
lbs of active ingredients per year. Because of its widespread use and suspected 
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carcinogenic activity, the determination of benomyl in various matrices, such as 
crops, vegetables, fruits, and water, is frequently required. 

Due to its instability in water and organic solvents (Chiba and Doornbos, 1974; 
Chiba, 1977; Chiba and Cherniak, 1978), benomyl was determined by many 
workers as its stable degradation compound, carbendazim (methyl 1H- 
benzimidazol-2-yl-carbamate, commonly known as MBC). The determination was 
made by high performance liquid chromatography (HPLC) after quantitative 
conversion of the parent benomyl to carbendazim (Austin et al.. 1976; Bradalaye 
and Wheeler. 1985; Gorbach, 1980; Kirkland, 1973; KIrkland et al., 1973; Splttler et 
al., 1984; Zweig and Gao, 1983). The major problem associated with this method 
is that carbendazim, that is produced from benomyl as its degradation product 
during the analysis, cannot be distinguished from the carbendazim which was 
present in the sample as the natural degradation product of benomyl. fy^oreover, 
since carbendazim is also fungitoxic, and its biological activity is different from 
benomyl. analytical determination of benomyl as MBC has only limited 
applications. 

Considering the above-mentioned problems, Chiba and Singh (1986) developed 
an indirect reversed-phase HPLC (RP-HPLC) method for the simultaneous 
determination of benomyl and carbendazim in water. In this method, benomyl is 
determined as 3-butyl-2, 4-dioxo-s-triazino [1.2-a] benzimidazole (STB) after its 
quantitative conversion to STB at pH 13. During the treatment of benomyl (and 
carbendazim) with alkaline solution (pH 13), carbendazim remained mostly intact 
and was determined as carbendazim along with STB. Although this method can 
be used for the accurate determination of benomyl and carbendazim in water and 
other matrices, such as wettable powders, development of a RP-HPLC method for 
direct determination of benomyl and stabilization of benomyl samples after 
sampling remained highly desirable. 
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In recent papers (Singh et al. 1990; Marvin et al., 1990), we have shown that low 
concentrations of benomyl in water can bo determined by a RP-HPLC method 
without any observable conversion of benomyl to carbendazim. However, it was 
not possible to prepare benomyl stock solutions of the desired strength. Stock 
solutions of benomyl are normally prepared in organic solvents but due to its 
instability in organic solvents, benomyl rapidly converts to carbendazim before 
aqueous solutions can be prepared by dilution with water. 

Aqueous solutions of benomyl can be prepared by using an ultrasonic technique 
(Singh and Chiba. 1985) or with the aid of a surfactant (Chiba and Northover, 
1988). These methods are rather impractical for routine HPLC analyses because it 
is very difficult to prepare standards containing known and desired concentration of 
benomyl in aqueous media. In view of the above difficulties It is quite obvious that 
direct determination of benomyl in aqueous media, preparation of stable stock 
standards of benomyl of desired concentrations in aqueous media, and 
stabilization of benomyl-containing samples after sampling, are desirable goals for 
the determination of benomyl in various types of samples. 

In this paper, we report that, contrary to previously published reports (Pyysalo, 
1977; Spittler et al., 1984), benomyl can be stabilized in acidic media. Standard 
aqueous solutions of desired concentrations of benomyl can be prepared in 
hydrochloric acid (HCI) and are stable over long periods of time. 

f^ATERIALS AND METHODS 

Solvents. Acetonitrile was HPLC grade from Caledon Laboratories, Ltd., 
Georgetown, Ontario L7G 4R9, Canada. Water was distilled in glass in the 
laboratory. 

Chemicals. Benomyl and carbendazim analytical standards were obtained 
from E. I. du Pont de Nemours and Co., Inc. 
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Instrumentation. The liquid chromatograph used was a Perkin-Elmer Series 3 
equipped with a 50 mL Rheodyne syringe loop-type injector and a Perkin-Elmer 
LC.55 UV detector. 

HPLC Operating Conditions. A Vydac reversed phase C-18. 5 mm, 15 cm X 
4.6 mm (i.d.) column was used. The UV detector was operated at 280 nm. The 
chart speed was 1 cm min'1 and the detector sensitivity was 0.05 AUFS at a 
recorder range of 1.0 mVFS. The total system was operated at ambient 
temperature. 

Mobile Phase. A mixture of 45% acetonitrile and 55% water was used 
isocratically. 

Flow Rate. The flow rate was fixed at 1 ,0 mL min*'' . 

Procedure. A sample of pure benomyl was dissolved at 1130 mg L'l in 10 M 
HCI and the kinetic rate constant of benomyl in the solution was determined by 
measuring the benomyl peak height with time as follows: 

. 2.303 , Ci 

where Ci is the benomyl peak height at time ti , C2 is the benomyl peak height at 
t2. and At =12 - ti , Similarly, benomyl solutions were prepared in varying 
concentration of HCI (0.001 M • 5 M) and the kinetic rate constants were 
determined. The k values so calculated at different time intervals compared 
favorably confirming first-order rate kinetics. Since the use of the analytical column 
is recommended between pH 2 and 7, these benomyl solutions were diluted to an 
HCI concentration of 0.01 M prior to the injection of 50 mL of solution onto the 
analytical column. 

Mass Spectrometry. Analysis of benomyl solution (in 5 M HCI ) was carried 
out on a Kratos Concept IS double-focusing mass spectrometer (Kratos Analytical, 
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Urmston, Manchester, UK) using a fast atom bombardment (FAB) source, at room 
temperature. 

RESULTS AND DISCUSSION 

The results of the kinetic studies are listed in Table I. These results clearly 
indicate that benomyl is substantially more stable in 1.0 M HCI compared with more 
dilute acid concentrations. The stability of benomyl is increased with an increase in 
acid concentrations. Benomyl remained stable (within experimental error) in 5 and 
10 M HCI solutions for at least 14 days at ambient temperatures, as can be seen in 
Table I. There was no difference in the peak heights of benomyl immediately after, 
and 14 days after, the preparation of sample solutions in 5 M and 10 M HCI. Figure 
1 shows the HPLC chromatogram of a sample of benomyl prepared in 10 M HCI 
and kept at room temperature for 14 days. As revealed in Figure 1, a small peak 
corresponding to carbendazim (approximately 0.7% of the peak height of benomyl) 
was always present in the chromatogram, even when using the analytical standard 
grade benomyl. The presence of a constant level of a trace of carbendeizim in the 
chromatogram for the maximum study period of 1 4 days suggests that carbendazim 
is present as a trace impurity in the analytical standard of benomyl. 

The presence of benomyl in a 5 M HCI solution (after 14 days) was also 
confirmed by mass spectrometry using a FAB source. A very strong molecular ion 
of benomyl at mass 291 clearly indicated the presence of benomyl in acid solution. 

The results discussed above also suggest that benomyl can be determined 
quantitatively using the HPLC conditions reported in this study. The results for the 
determination of benomyl in a wettable power (WP) sample compared well with 
those obtained using the method developed by Chiba and Singh (1986). 

The above results also indicate that stable reference standard aqueous solutions 
of benomyl can be prepared. Benomyl in water can be stabilized by strongly 



acidifying the solutions. The addified benomyl solutions will keep tor at least 14 
days at room temperature, and probably for longer periods, by storing them at 
lower temperatures (for example at 4 *C in refrigerator). Other alkyl isocyanate 
homologues of benomyl (Chiba and Northover, 1988; Northover and Chiba. 1989) 
could also be stabilized in a similar fashion. 

CONCLUSIONS 

In conclusion, in this communication we report that, for the first time, the 
preparation of stable stock solutions of benomyl (methyl [1-butylcarbamoyl)-1H- 
benzimidazol-2-y(] carbamate) in an aqueous medium is possible. The 
stabilization of benomyl In acidic solutions was confirmed by RP-HPLC. Mass 
spectrometry, using a FAB source, also confirmed the stabilization of benomyl in a 
5 M hydrochloric acid solution. On the basis of these investigations, known 
amounts of benomyl can be easily dissolved and stabilized In 5 M or higher 
concentrations of hydrochloric acid. This opens up a real possibility for the 
preparation of reference standards of benomyl in aqueous (acidic) media. The 
stability of benomyl in 5 to 10 M hydrochloric acid also suggests that water samples 
containing benomyl can be stabilized upon acidification. This stabilization of 
benomyl containing aqueous samples was not possible in the past. 
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Table I. Observed First-Order Rate Constants (k) for Benomyl Decomposition to 
I Carbendazim at Ambient Temperatures in Varying Concentrations of Hydrochloric 

Acid 



HCI 


K 




toj 


(M) 


(s-1) 




m 


0.001 


3.6X10-5 




S.3 


0.01 


3.1X10-5 




6.0 


0.1 


1.2X10-5 




1.6X10 


1.0 


7.7X10-7 




2.5X102 


2.5 


1.3X10-7 




1.5X103 


5.0 




STABLE 




10.0 




STABLE 
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Rgure Captions 
Figure 1. Reversed-phase HPLC chromatogram of a benomyi solution (1.13 ng 
nnL"'') in 0.01 M HCI. The solution was prepared just before the HPLC 
determination by diluting a 1 130 ng mL""' benomyi stock solution in 10 M HCI kept 
at room temperature for 14 days. 
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Part II C: Fast-atom Bombardment Mass Spectrometric Detemiination of Methyl [1- 
(ButylcarbamoyI)-1H-benzimidazol-2-yl]carbamate (Benomyl) in 
Wettable Powder Formulations 

ABSTRACT 
In this part we report, for the first time, a direct method for the determination 
of benomyl (methyl [1-(butylcarbamoyl}-1H-benzimidazol-2-yl] carbamate) in 
wettable powder formulations by fast-atom bombanjment mass spectrometry (FAB- 
MS). Solutions of desired concentrations of benomyl were prepared in 5 M 
hydrochloric acid. The matrix compound, glycerol, was added at 10% (vA/) to these 
solutions for obtaining FAB mass spectra. The results of the analysis of wettable 
powder samples, carried out by FAB-MS, compared well (p> 0.05) with those 
obtained by reversed-phase high performance liquid chromatography (RP-HPLC). 

Methyl [l-(butylcart)amoyl)-1H-benzimidazol-2-yl]carbamate (benomyl) is one of 
the most widely used systemic fungicides*'. Since its introduction, benomyl has 
been widely used for the control of a variety of plant diseases. For plant 
application, benomyl is sold as wettable powder, a formulated product of benomyl 
with the trade name 'Benlate". These formulated products normally contain 50 or 
10 % of benomyl. The amount of benomyl in these formulations is guaranteed by 
the vendor. However, until now, there has been no direct method for confirming the 
amount of benomyl in these formulations guaranteed by the vendor. 

Although benomyl was introduced more than 20 years ago, analytical methods 
for its direct determination had not been well established. Instability of benomyl in 
many common organic solvents and water^-S has been suggested as the reason 
why no direct method could be developed. Among the indirect methods, used for 
the determination of benomyl, the most popular ones use high performance liquid 

48 



chromatography (HPLC) after its conversion into carbendazim, a well known 
degradation product of benomy|6-8. The principal drawback of these methods is 
the over-estimation of benomyl with a wide range of errors. The over-estimation of 
benomyl is due to the fact that carbendazim, which is the natural degradation 
product of benomyl and is present in different media with benomyl at varying 
concentrations, is also estimated as benomyl. Carbendazim is also a known 
metabolite of thiophanate-methyl, a fungicide not as widely used as benomyl but 
registered for use on some fruits and vegetables. Therefore, use of thiophanate- 
methyl may also contribute to positive error In the determination of benomyl as 
carbendazim. For these reasons, it has been impossible to know the accuracy of 
benomyl quantities, determined by the methods based on the determination of 
benomyl as carbendazim. Recently, some progress has been made in 
development of a indirect method for the determination of intact benomyl and 
carbendazim concentrations in water and wettable powders by high performance 
liquid chromatography {HPLC).^'''^ However, the need to develop a direct method 
of benomyl determination in wettable powder formulations, soil, crops and water 
has remained. 

In the past, for the determination of benomyl, 9-11 HPLC has been the most 
popular technique. HPLC, combined with a UVA/IS detector, although a well 
recognized and accurate technique, is not free from limitations. The most serious 
limitation of HPLC lies in the identification of the solutes, based only on a single 
parameter i.e., retention time of the solutes. 

h/lass spectrometry (MS), which allows the analyst to aquire considerable 
structural information, may be able to solve the problem of identification of solute, if 
used as a detector in combination with HPLC. Recently, Liu et at., 12 have 
reported a HPLC-MS method for the determination of benomyl in some fmits and 
vegetables. However, this method too is based on the determination of 



carbendazim, after quantitative conversion of benomyl to carbendazim, and is 
therefore not free from the problem of over-estimation of benomyl. 

Indirect determination of benomyl by HPLC-MS is necessary because of its 
instability. Due to the thermal lability of benomyl, its molecular ion under EI-MS 
conditions cannot be obtained."' 3.^^ Fast-atom bombardment mass spectrometry 
(FAB-MS), 15-17 may be used for mass spectrometric analysis of many thermally 
labile compounds. However, to our knowledge, determination of benomyl by FAB- 
MS has not been reported in the literature. One of the reasons for that may be the 
low solubility of benomyl in glycerol (and/or other matrices), which is required for 
FAB-MS analysis. Since benomyl Is unstable In common organic solvents and in 
water, it is not easy to dissolve and stabilize benomyl in a suitable matrix, required 
for FAB-MS determination of benomyl. 

In a recent communication, ^^ we have reported that benomyl can be stabilized 
in hydrochloric acid solutions. The stabilization and solubilization of benomyl in 
hydrochloric acid became possible due to its protonation at the nitrogen of 
benzimidazole ring. The preparation of stable solutions of benomyl in hydrochloric 
acid, therefore, allowed us to study the FAB-MS determination of benomyl. In this 
communication we report that the molecular ion of benomyl can be obtained under 
FAB-MS conditions. We have used this finding for the quantitative determination of 
benomyl (as benomyl) In wettable powder formulations. The FAB-MS method 
reported in this paper, therefore, may be used for the confirmation of guaranteed 
amount of benomyl in wettable powder formulations. These studies may lead to a 
more sensitive determination of benomyl by continuous flow fast-atom 
bombardment mass spectrometry (CF-FAB-MS).''^ 
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EXPERIMENTAL 

Chemicals. Benomyl and carbendazim analytical standards were obtained from 
E. I. du Pont de Nemours and Co., Inc. Fifty percent benomyl wettable powder 
formulations (Benlate 50% WP) were obtained from Wilson Laboratories Inc. 
Dundas, Ontario. Spectrophotometric grade glycerol and a 65% by weight solution 
In water of 4-hydroxyben2enesulfonic acid (HSA) were obtained from Aldrich 
Chemical Company. Inc., Milwaukee. WIS 53233. Analytical reagent grade 
hydrochloric acid from BDH Inc.. Toronto, Ontario was used to dissolve and 
stabilize benomyl. 

Solvents. Acetonitrile was HPLC grade from Caledon Laboratories, Ltd.. 
Georgetown, Ontario L7Q 4R9, Canada. Water was distilled in glass in the 
laboratory. 

Instrumentation and Procedures. A Kratos Concept IS double-focussing 
mass spectrometer (Kratos Analytical, Urmston. Manchester, UK) {E/B 
Configuration) using a fast atom bombardment (FAB) source, was used for mass 
spectrometric analyses. The instrument was controlled by a Kratos DS 90 Data 
General Eclipse based computer system. A Kratos Mach 3 data system running on 
a SUN SPARC station was used for further data work-up. For all studies, a nominal 
resolving power of 1000 was used. The spectrometer was fitted with an Ion Tech 
Saddle field atom gun and xenon was used as the last-atom beam. The fast-atom 
beam energy was 7.5 keV and the density corresponding to an emission current 
was about 1 mA. The source was operated at room temperature and 8 kV 
accelerating potential. The scan rate was 10 sec per decade. Samples were 
placed on the probe tip by dissolving them in HCI and the matrix compound. 
Standard solutions of benomyl at 200, 400 and 640 mg/L were prepared prepared 
from a 1000 mg/L benomyl stock solution prepared from analytical standard grade 
pure benomyl in 5 M HCI. In addition to benomyl, calibrating standards also 
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contained 5 M HCf and 10 % glycerol. For sample preparation, 50 milligrams of 
50% WP (formulations) was dissolved in 25 mL of 10 M HCI in a 50 mL volumetric 
flask. After adding 5 mL of glycerol the volume was made up to the mark by 
distilled water. One microliter volumes of benomyl standards and samples were 
placed on the FAB-probe tip and the intensity counts were recorded. 

The quantitation of benomyl in wettable powder formulations was carried out 
using selected ion monitoring (SIM). SIM acquisitions were made under the same 
instrumental conditions as described above using a 0.5 sec cycte time for the ion 
groups of interests. Because the samples exhibited a surge of ion current during 
the first scan interval, this initial scan was discarded and data were averaged for 
the five subsequent intervals where ion cunrent levels had stabilized. 

The liquid chromatographs used were a Perkin-Elmer Series 3 equipped with a 
Rheodyne syringe loop-type injector and a Perkin-Elmer LC-55 UV detector, and 
Waters 600-MS system controller with a Waters 441 absorbance detector. A Vydac 
reversed phase C-18, 5 |i, 15 cm X 4.6 mm (i.d.) column was used for the 
quantitative determination of benomyl in wettabie powder samples (with the Waters 
600-MS liquid chromatograph). The mobile phase, consisting of a mixture of 60% 
acetonitrile, 35% water and 5% 0.1 mol/L ammonium acetate, was run at 1.0 
mUmin. The UV detector was operated at 254 nm with detector sensitivity of 0.05 
AUFS. Peaks were integrated on a Hewlett Packard HP 3396 Series II integrator. 
The total system was operated at ambient temperature. 

Separation of carbendazim and benomyl was achieved on a W-Porex, 5|i C4 
guard (30 x 4.6 mm) column. The eluent, a mixture of 25% acetonitrile, 5% pH-6.8 
phosphate buffer and 70% water was run at 0.7 mL/min flow rate. These 
determinations were made with the Parkin Elmer system with UV detector setting at 
286 nm. 
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RESULTS AND DISCUSSION 

Analysis of Benomyl by FAB-MS In Glycerol and HSA Matrices. Fig. 1 
shows a representative FAB-MS spectrum of 1 iig benomyl in 5 M HCI, containing 
1 0% glycerol. The (M + H)+ signal at m/z 291 shows the presence of the molecular 
ion of benomyl. The other significant peak was observed at m/z 192, which is the 
signal of protonated carbendazim, a fragment derived from benomyl. All other 
peaks in the spectrum (between m/z 192 to 291) are not due to benomyl, as 
metastable monitoring in the the first field-free region by means of B/E linked 
scans^O showed only one fragment peak of benomyl at m/z 192. 

A good mass spectrum of benomyl was also obtained in 5 M HCI containing 
1 0% HSA (Fig. 2). However, the (M + H)+ signal of benomyl in 1 0% HSA was 
slightly weaker, compared to its signal in 10% glycerol. The lower intensity of the 
molecular ion signal of benomyl in 10% HSA compared to the signal in 10% 
glycerol is quite obvious from the perusal of intensity ratios of the signals at m/z 291 
to 192 in both the spectra. The m/z 291 to 192 intensity ratio is significantly higher 
in 10% glycerol than in 10% HSA. This can be attributed to either partial 
decomposition of benomyl to carbendazim in presence of 10% HSA or to the 
inferior matrix properties of HSA as compared to glycerol. On the basis of HPLO 
analysis (Fig. 3) of solutions, containing (i) benomyl in 5 M HCI. (ii) benomyl in 5 M 
HCI and 10% glycerol, and (iii) benomyl in 5 M HCI and 10% HSA. it was 
concluded that the presence of HSA and glycerol in 5 M HCI does not affect the 
stability of benomyl. Therefore, a weaker (M -i- H)'*' signal of benomyl in the 
presence of 10% HSA, compared to glycerol, can be attributed to its matrix 
properties. Other matrices, such as thioglycerol and 3-nitrobenzyl alcohol proved 
to be worse than glycerol and HSA for FAB-MS determination of benomyl. 
Quantitative Determination of Benomyl In Wettable Powder 
Formulations. The FAB-MS results of benomyl determinations, shown in Figs. 1 



and 2, reveal the possibility of identification and quantitative determination of 
t>enomyl by FAB-MS. Efforts were made, therefore, to determine, quantitatively, 
benomyl in wettable powder formulations containing 50 % benomyl. Thus, 
determination of benomyl in three wettable powder samples was performed by 
FAB-MS method using the selected ion monitoring (SIM) mode by monitoring the 
intensities of m/z 192 and 291 signals. One microliter volumes of benomyl 
standards were placed on the FAB-probe tip and the intensity counts were 
recorded to generate a calibration curve. Monitoring of both signals, at m/z 1 92 
and 291 , gave straight line responses through the origin, when signal counts were 
plotted against benomyl concentrations (mg/L); the linear regression coefficients for 
the 192 and 291 signals were 0.9996 and 0.9991, respectively. A typical 
calibration curve for m/z 291 signal Is shown in Fig. 4. 

The results of benomyl determination, carried out by the FAB-MS method, are 
reported in Tablel. In order to check the accuracy of benomyl determination by 
FAB-MS method, the same samples were also analyzed by HPLC. These results 
are also reported in Tablel. Since the calculated value of Student t for the mean 
percent bias between the two methods (FAB-MS and HPLC) is less than the critical 
value of t at the 95 % confidence interval, the null hypothesis is retained. 
Therefore, the bias between the two methods for the determination of benomyl in 
WP formulations does not differ significantly from zero. 

The reproducibility of the FAB-MS method for the determination of benomyl in 
wettable powders was checked by analyzing a 50% formulation in triplicate. The 
mean and standard deviation values for benomyl were estimated at 46.7 ±1.2 % 
and 45.8 ± 3.6 % by FAB-MS method at 291 and 192 signals, respectively. The 
coefficient of variation (CV) at 2.6 % was much smaller for FAB-MS scanning at 291 
than the 7.9 % CV resulted from FAB-MS scanning of 192 signal. These results 
suggest that for more reliable determination of benomyl in WP formulations by FAB- 
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MS method, determinations should be made at the 291 signal. The results of 
benomyl determination in the above-mentioned WP formulation at 46.7 %, as 
determined by FAB-MS method at 291 signal, compared well with that obtained by 
the so-called STB"! and the direct HPLC methods at 46.9 % and 47.6 %, 
respectively. However, direct determination of benomyl in WP formulations with 
stmctural confirmation was possible only by FAB-MS method. 

Although a good comparison of analytical results of benomyl in wettable 
powder formulations obtained by FAB-MS and HPLC methods clearly indicated the 
good accuracy of the FAB-MS method, verification of the selectivity of 291 ion 
monitoring in wettable powder matrix was still thought desirable. This was 
accomplished by metastable ion monitoring of sample (wettable powder) solutions 
in the first field-free region by means of B/E and b2/E linked scans.20 The B/E 
spectmm of the sample solution showed only one fragment peak at m/z 192, similar 
to the one obtained for pure benomyl solutions. The b2/e spectrum, on the other 
hand, confirmed that 192 resulted from 291 only. These studies reveal that the 
matrix components would not cause any mass spectral interference in the mass 
spectrometric determination of benomyl in WP formulations. 

The exact identity of chemicals used in the preparation of WP formulations is a 
trade secret, yet a 50% WP formulation may contain up to 55% benomyl, 2-3 % 
surfactant and the rest is sugar. From the literature2l-22 jt appears unlikely that 
surfactants and suger will produce 291 or 192 ions in their FAB-MS spectra, 
therefore matrix components would not interfere in FAB-MS determination of 
benomyl in WP samples. 

We would also like to mention here that this is the first time that an HPLC 
method, where known standards of benomyl in aqueous medium are used to 
generate a calibration curve (regression line, y = 3.998 x - 0.001, where x is 
benomyl concentration in mg/L and y is the peak height in cm; linear regression 
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coefficient, r ■ 0.9999) is reported for the direct determination of benomyl. Benomyl 
standards and samples (which were dissolved and stabilized in 5 f^ HCI) were 
diluted to have a pH of 2 or higher before injections. Two consecutive injections 
gave similar (within 2%) peak heights. This suggests that the decomposition of 
benomyl solutions during chromatographic analysis was not significant enough to 
affect the accuracy of the results. This can be explained on the basis of kinetics 
data on benomyl decomposition to carbendazim, that we have reported recently .8 
According to the decomposition kinetics, approximately 2% benomyl will 
decompose to carbendazim In 5 mi n in a solution containing 60% acetonitrlle and 
40% water. Decomposition of benomyl in pure water is slower than in mixed 
acetonitrlle and water solutions; 2% benomyl will decompose to carbendazim in 
about 11 min. Since the retention time of benomyl was about 4 min, its 
decomposition into carbendazim within two injection times (8 min) will be about 
2%, which is within the range of experimental error in HPLC determination. 
Possibilities of Extending FAB-MS Method for the Determination of 
Low Concentrations of Benomyl in Environmental Water and Crops. 
The FAB-MS method, described above, worked well for the determination of 
benomyl in WP formulations where large concentrations of benomyl are 
encountered. However, benomyl concentrations In environmental water and crops 
are expected to be low (< 1 mg/L). In case the FAB-MS method had to be extended 
for the determination of benomyl in these matrices, efforts were made to ascertain 
the minimum detectable amount of benomyl in an aqueous sample by the FAB-MS 
method. Fig. 5 shows the mass spectaim of 1 ng benomyl. It is obvious from Rg. 5 
that the detection limit of benomyl is controlled by the chemical noise. 
Reproduciblity (coefficient of variation = 17.5 % , n = 6) of benomyl signal at 291 
was also poor. Therefore, under normal FAB-MS conditions, determination of low 
concentrations of benomyl was not possible. 
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The sensitivity for benomyl determinations by FAB-MS may be enhanced by 
using a continuous flow system, as reported in the literature. IS, and by monitoring 
291 /E 192 reaction (B/E linked scans) instead of the normal FAB scan. The 
expected enhancement of sensitivity of benomyl in a CF-FAB-MS system using 291 
/E 192 reaction may be explained on the basis of the mass chromatogram of 
benomyl, depicted in Fig. 6, and the 291 fE 192 spectrum shown in Fig. 7. As can 
be seen in Fig. 6, the intensities of both ions, at m/z 192 and 291. decreased 
sharply after the first scan. This may be due to the depletion of glycerol (the matrix 
compound) from the surface of the sample solution {at the tip of the FAB probe). In 
CF-FAB-MS the sample is continuously being renewed on the tip of FAB probe, 
and therefore a constant Intensity of the signal should be maintained. Fig. 7 
revealed that chemical noise can be minimised by monitoring the 291 /E 192 
reaction. The determination of benomyl (at low concentrations In water and other 
matrices) by CF-FAB-MS with metastable ion monitoring will be investigated in our 
laboratory in near future. 
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Table 1. Comparison of results of the determination of benomyl In wettable 
formulations by FAB-MS at m/z 192 {FAB-192). FAB-MS at m/z 291 (FAB- 
291) and HPLC techniques 

Sample Benomyl (mg/L) as Determined 

No 

by HPLC (X) by FAB-192 (Y) Bias-1* by FAB-291 (Z) Bias-2" 



1 485 


429 


+11.5 


485 


0.0 


2 538 


533 


4-0.9 


538 


0.0 


» 492 


499 


-1.4 


464 


+5.7 




Mean 


+3.7 




+1.9 




Std Dev 


6.9 




3.3 




Student t 


0.76 




0.81 


Student t at 95% confidence interval 


4.3 






Bias-r =[(X-Y)/X]100 










Bias-2" = [(X-Z)/X]1 00 
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Figure Captions 

Fig. 1 . Positive ion FAB mass spectrum of 1 |ig benomyl in 1 0% glyceroi and 5 

M HCI. 
Fig. 2. Positive ion FAB mass spectrum of 1 jig benomyl in 10% 4- 

hydroxybenzenesulfonic acid and 5 M HCI. 
Fig. 3. Chromatograms of carbendazim and benomyl (from 50% wettabie 

powder) In different media. 
Fig. 4. Calibration graph of benomyl for m/z 291 signal. 
Fig. 5. Positive ion FAB mass spectrum of 1 ng benomyl in 10% glycerol and 5 

M HCI. 
Fig. 6. Positive ion FAB mass chromatograms of 1 jig benomyl in 10% glycerol 

and 5 M HCI. 
Fig. 7. Normal B/E linked scan of 10 mg/L benomyl. 
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APPENDIX 

The work reported In this Appendix, although is not directly 
related to Particle Beam - Mass Spectrometry, we carried out 
this work due to Its importance in environmental analytical 
chemistry.using FAB-MS 
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Fast-atom Bombardment Mass Spectrometry of Sodium and Potassium Oxalates- 
Mass Spectrometric Evidence for the Existence of (Sodlum-Oxalate)' and 
(Potassium-Oxaiate)' Ion Pairs in Aqueous Solutions 

ABSTRACT 

Mass spectrometric evidence for the formation of (sodium-oxaiate)' (NaC204') 
and (potassium-oxalate)' (KC2O4') ion pairs in aqueous solutions of potassium 
and sodium oxalates has been provided by analyzing different concentrations of 
sodium and potassium oxalate in water, containing 10% glycerol. This work 

suggests that FAB-MS can be used to reveal the behavior of ionic species in 
aqueous solutions. The KC2O4' and NaC204' ion pairs form clusters with neutral 

molecules of potassium and sodium oxalates and glycerol. No ion pair or cluster 
formation was observed when dry salts (without glycerol) were analyzed. This 
behavior differed from what has been observed for alkali halides under similar 
experimental conditions. 

Keywords: Mass spectrometry: fast-atom bombardment: (sodium-oxalate)' ion 
pair: (potassium-oxaiate)' ion pair 
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ton association models are extensively used to explain the characteristics of 
aqueous environmental and biological solutions. "'"2 The ion association models 
used for the speciatlon and calculation of the supersaturation index of urine for 
calcium oxalate phases (the principal components of the kidney stones) consider 
ion pairing of urinary cations with oxalate. These ion pairs include (calcium- 
oxalate)^ (CaC204®), (magnesium-oxalate)^ (f^gC204°), (proton-oxalate)" 
(HC2O4"), (sodium -oxalate)' (NaC204*) and (potasslum-oxalate)' (KC2O4*). 3 
However, on the basis of conductivity measurements of sodium oxalate solutions, 
Borland et al. ^ assumed sodium oxalate to be a completely dissociated electrolyte. 
In urine, where sodium concentration is very high, omission of the NaC204" ion 

pair (if it really does exist) in the equilibrium calculations of calcium oxalate phases 
will result in significantly higher supersaturation values of urine with respect to 
calcium oxalate monohydrate and dihydrate phases than is actually present. 
Correction for the existence of KC204~ and NaC204~ ion pairs in equilibrium 

calculations therefore becomes necessary to calculate the correct value of the 
supersaturation of kidney stone forming calcium oxalate phases in urine. 
Corrections for ion pairing of oxalate with sodium and potassium need to be also 
applied in the speciatlon calculations of environmental waste solutions as oxalate, 
being an industrial pollutant and naturally occurring ligand, is also ubiquitous in 
environmental solutions^ along with cations sodium and potassium. 

The presence of KC2O4* and NaC204' ion pairs in aqueous solutions 

containing potassium, sodium, and oxalate ions has been documented by 
solubility ^''^, potentiometry 8 and Raman spectroscopy 9. Although a value of 
the stability constant {k = [NaC204'] / [Na+] [C2O4I = 13.2 dm3 mol-l) has been 
reported for the NaC204' ion pair 6, a value of /c = 10 dm^ mol"'' is normally 
expected for most sodium/potassium - anion)" ion pairs such as KC204", KSO4'. 
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NaC204" and NaS04*. Caprioli ^^, and Johnstone and Rose "• ^ have 
demonstrated that fast-atom bombardment mass spectrometry (FAB-MS) can 
provide an accurate knowledge of existing ionic-equilibria in liquid solutions. 
Caprioli 1^ determined the dissociation constants of weak acids in aqueous 
solutions by FAB-MS method which compared well with the literature values while 
Johnstone and Rose "• *• have reported that FAB-MS can be used routinely to 
examine complex formation between metal cations and macrocyclic ligands in 
solution. In view of the controversy raised by Berland et al. ^ we wanted to use 
FAB-MS to investigate the existence of KC2O4' and NaC204" ion pairs in solutions 

containing sodium/potassium and oxalate ions. 

Experimental 

Ghemlcals 

Spectrophotometric grade glycerol was obtained from Aldrich Chemical Company, 
Inc., Milwaukee, WIS 53233. Analytical reagent grade sodium and potassium 
oxalate salts were from BDH Inc., Toronto. 

Instrumentation and Procedures 

A Kratos Concept IS double-focussing mass spectrometer (Kratos Analytical, 
Urmston, Manchester, UK) (E/B Configuration) using a fast atom bombardment 
(FAB) source, was used for mass spectrometric analyses. The Instrument was 
controlled by a Kratos DS 90 Data General Eclipse based computer system. A 
Kratos Mach 3 data system mnning on a SUN SPARC station was used for further 
data work-up. For all studies, a nominal resolving power of 1000 was used. High 
resolution analysis of potassium oxalate solution was carried out using a resolution 
of 7500. r with m/z = 126.9045 was used as standard. The spectrometer was fitted 
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with an Ion Tech saddle field atom gun and xenon was used as the fast-atom 
beam. The fast-atom beam energy was 7.5 keV and the density corresponding to 
an emission current was about 1 mA. The source was operated at room 
temperature and 8 kV accelerating potential. The scan rate was 10 sec per 
decade. One microliter of solutions of different concentrations of sodium and 
potassium oxalate, prepared in 10 % glycerol, were placed on the probe tip for 
FAB-MS determination. 

Results and Discussion 

The representative FAB-MS spectra of sodium and potassium oxalate solutions are 
shown in Figs. 1 and 2 , respectively. The peaks due to NaC204' (m/z = 111) and 
KC2O4" (m/z a 127) Ion-pairs are clearly seen in the FAB-MS spectra of sodium 
and potassium oxalate solutions. The base peak in all the spectra of dilute 
potassium / sodium oxalate solutions, was (Gly-H)" ion (m/z = 91 , Gly is glycerol). 
In all the spectra of different concentrations of sodium/potassium oxalate in 10 % 
glycerol and 10 % pure glycerol, a number of low mass Ions such as m/z 71 , 59, 45, 
1 7 were also present. These Ions are formed as a result of gas-phase dissodation 
of (Gly-H)' ion. Cluster ions of (Gty-H)" anion with glycerol molecules such as (Gly- 
H)'(Gly)n, ns - 5, were also present. Both oxalate ion pairs i. e., NaC204' and 
KC2O4", formed a series of clusters with glycerol, the most intense ones at m/z 203 
and 219, respectively being for the NaC204"(Gly) and KC204'(Gly) ion pairs. In 

fact, the ions at m/z 203 and 219 formed as a result of association of ion pairs 
NaC204' and KC2O4' with Gly were the most Intense peaks after the base peak at 

m/z 91 in all spectra of dilute solutions of sodium and potassium oxalate solutions. 
The NaC204" and KC2O4" ion pairs also form series of clusters with neutral 
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molecules of Na2C204 (NaC204' (Na2C204)n. n = - 3; m/z = 111, 245, 379, 
513) and K2C2O4 (KC204' (K2C204)n. n - - 3; m/z = 127. 293. 459. 625). 

In addition to NaC204' and KC204', ion pairs such as HC2O4', M(Gly-H)", 
M2(Gly-H)" (M - Na or K), and Gly(Gly-H)"(Gly)n. n- - 4 are also observed in 
oxalate solutions. The formation of these ion pairs can be suggested on the bais of 
following equilibria: 



Gly 

(Gly-H)' + Na+ 
GlyNa- + Na+ 
H+ + C2O42- 

Gly + (Gly-H)- 



(Gly-H)" + H+ (') 

GlyNa" + H+ (>>) 

GlyNa2' + H+ (III) 

HC2O4* (Iv) 

Gly(Gly-H)" (v) 

It seems that the formation of HC2O4" ion pair, which has occurred as a result of 
pairing of H+ with C2O42-, ions has driven the dissociation reaction of glycerol 
(reaction i) to the right side since the abundance of (Gly-H)' and (Gly-H)'(Gly) ions 
was higher in 10% glycerol solution containing potassium and sodium oxalate than 
in pure 10% glycerol. All the anions and anion-pairs discussed above formed 
clusters with neutral molecule of Na2C204 (and K2C2O4) and glycerol as follows: 
(Gly-H)"{Na2C204)n. n » - 4, m/z = 91, 225. 359. 493. 627; Gly(Gty-H)' 
(Na2C204)n, n = - 3. m/z ^ 183. 317, 451, 585; Na(Gly-H)"(Na2C204)n, n ^ - 
3, m/z = 113. 247, 381. 515;.Na2(Gly-H)"(Na2C204)n. n- 0-2. m/z - 135, 269, 
403.; HC204" (Na2C204)n. n = - 4. m/z = 89, 223. 357. 491 . 625; (Gty-H)'(Gly)n. 
n = - 3, m/z = 91 , 183, 275, 363; Na(Gly-H)-(Gly)n, n = - 4, m/z = 1 13, 205, 297. 
389, 481 ;.Na2(Gly-H)"(Gly)n. n- 0-3. m/z = 137, 229, 321 . 413.; HC204" (Gly)n. n - 
- 5. m/z = 89, 181 , 273, 365, 457, 549. 

NaC204' also showed cluster formation with glycerol and glycerol-sodium 
oxalate clusters as: NaC204"(Gly)n. n » - 5; m/z - 1 1 1 , 203, 295, 387, 479, 571 ; 
and NaC204"-Gly(Na2C204)n. n = - 4; nn/z = 203, 337, 471, 605. 739. aher 
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clusters formed were: NaC204"-Na(Gly-H)"(Gly)n, or Na2C204-(Gly-H}"{Gly)n n» 
- 4; m/z = 225, 317. 409, 501 , 593; and HC204'(GlyNa2C204)n. n = - 4; m/z = 
89, 181, 315, 449, 583. Analogous cluster formation was also observed in case of 
potassium oxalate solutions (Fig. 2). 

There are two possible mechanisms by which the ion pair and ion cluster 
formation can occur in FAB-MS analyses of solutions. According to mechanism 1 , 
the ions and ion clusters can form by recombination of ions and neutral molecules 
in the gas phase. In mechanism 2 it is assumed that ions and ion clusters that are 
determined by FAB-MS analysis of solutions are already present in solution. In the 
latter case FAB-MS results should show a close relationship with ionic equilibria 
occurring in liquid solutions. These mechanisms of ions and ion-cluster formation 
in FAB-MS have been debated by many researchers. ^ ^ In order to know whether 
the FAB-MS results, which are measured as the distribution of ions in gas phase, 
are closely related to ionic equilibria set up in the liquid phase (i.e., sodium and 
potassium oxalate solutions in 10% glycerol in the present case), we carried out 
FAB-MS analysis of sodium and potassium oxalate solutions at different 
concentrations. 

The results of the FAB-MS analysis of Na2C204 and K2C2O4 solutions of 

different concentrations reported here seems to indicate that the abundances of 
ion-clusters and ion pairs determined by FAB-MS are closely related to possible 
solution equilibria. For example at low concentrations, such as 1 .0 mmol dm'3 
potassium oxalate, FAB-MS did not show any significant abundance of KC2O4" ion 
pair and clusters containing KC2O4" ion pair. This can be explained on the basis 

of equilibrium calculations of 1 .0 mmol dm~3 potassium oxalate solution. Using a 
stability constant value of 10.0 dm3 mol'"' for KC2O4' ion pair, we estimated that in 
1.0 mmol dm"3 potassium oxalate solution, the concentration of KC204' ion pair is 
very small i.e.. less than 0.01 mmol dm*3, which could not be determined by FAB- 
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MS. We can argue here that if the ion pair formation was taking place in gas phase 
w© should have seen the KC2O4" ion pair in 1.0 mmol dm"3 potassium oxalate 
solution since concentration of desorbed K"*" and 0204^' ions may be high enough 
in the gas phase to form a KC2O4" ion pair. 

At 10.0, 20.0. 40.0, 50.0 and 80.0 mmol dm"3 concentrations of potassium 
and/or sodium oxalate, the concentrations of KC2O4* or NaC204" ion pair is 

estimated to be at 0.5, 1.5, 4.5, 6.4 and 13.3 mmol dm"3, respectively. Therefore, in 
Na2C204 and K2C2O4 solutions of 10.0 mmol dm'3 or higher (which contained 
approximately 0.5 mmol dm"3 concentration of ion pairs), the presence of KC204' 
or NaC204" ion pairs and their clusters should be seen in their FAB-MS spectra. 
This indeed was the case as FAB-MS spectra of all potassium and sodium oxalate 

solutions of concentrations 10.0 mmol dm'3 or greater showed significant 
abundances of KC2O4" or NaC204' ion pairs and their clusters. 

The FAB-MS spectrum of 10.0 mmol dm'^ potassium oxalate depicted in Fig. 3 
shows small peaks due to the KC2O4' ion pair at m/z = 1 27 and its cluster with 
K2C2O4 at m/z = 293. The most intense peak, showing the presence of the 
KC204' ion pair in potassium oxalate solution was of the KC204"{Gly) cluster at 

m/z = 219. This peak was not seen in the FAB-MS spectrum of 1.0 mmol dm"3 
potassium oxalate solution in 10% glycerol. In fact, the peaks of ion clusters 
NaC204*(Giy) and KC204'(Gly) at m/z = 203 and 219, respectively, for Na2C204 
and K2C2O4 solutions in glycerol can be taken as Mnfirmatory peaks for NaC204' 
and KC2O4' ion pair formation as their intensities were much higher than peaks of 

other clusters containing sodium and potassium oxalate ton pairs. The 
abundances of the NaC204" (Na2C204)n, and KC2O4" (K2C204)n, clusters were 

very much dependent on the concentration of ion pairs in solution. For example, at 
10.0 and 20.0 mmol dm"3, the concentration of KC2O4' or NaG204" ion pairs was 

not enough to form clusters with neutral molecules of sodium and potassium 
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oxalate. However, as the concentrations of NaC204" and KC2O4' ion pairs 
increased in solution, the abundances of NaC204' (Na2C204)n. and KC204' 
(K2C204)n, ion clusters increased. This is illustrated in Figs. 4 and 5, respectively 

for sodium and potassium oxalate solutions. These results suggest that the 
abundances of NaC204" and KC2O4" ion pairs and their clusters are closely 

related to their (X)ncentrations in solution. 

Fig. 6 shows the relative abundances of GlyNa", GlyNa2". HC2O4', and 
NaC204' Ion pairs as a function of sodium oxalate concentration. The Increase in 
the relative abundances of these ion pairs with the increase in sodium oxalate 
concentration in sodium oxalate - 1 0% glycerol solutions is expected on the basis 
of solution equilibria (i) to (iv). This again suggest that FAB-MS results reported 
here are representative of solution equiiibria occurring in sodium oxalate - 10% 
glycerol solutions. We would also like to point out that in Fig. 6 relative 
abundances of the HC204' ion pair are much higher than the relative abundances 
of GlyNa", GlyNa2', and NaG204' ion pairs. This can be explaned on the basis of 
the larger value of the stability constant of the HC2O4' ion pair estimated to be 
15,000 dm3 mor\ compared with the stability constant of the NaG204" ion pair of 
about 10 dm3 mol"^. The value of the stability constants of GlyNa- and GlyNa2* 
Jon pairs is not known. As expected, the relative abundances of the clusters of all 
these ion pairs with glycerol and sodium oxalate increased with the increase in 
sodium oxalate concentration. 

The relative abundances of glycerol clusters with the sodium oxalate ion pair 
i.e., NaC204~(Gly)n, also increased with the increase in sodium oxalate 

concentration, especially, in dilute solutions as shown in Rg. 7. Fig. 8 shows the 
relative abundances of (Gly-H)' ions and its Ion clusters with glycerol and 
Na2C204. The peak of (Gly-H)* was remained the base peak in all the spectra of 

sodium and potassium oxalate solutions up to 80 mmol dm'^, despite its strong 



binding with Na2C204 (or K2C2O4) molecutes to form {Gly-H)*Na2C204 cluster at 
m/z 225 relative abundance of which increased with the increase in Na2C204 
concentration. The large abundance of (Gly-H)* in the FAB-MS spectrum may be 
explained on the basis of equilibria (i) and (iv), reported earlier in this section. The 
relative abundance of the (Gly-H)'Gly cluster at m/z 183 however, decreased 
sharply as the concentration of sodium oxalate Increased from 10 to 80 mmol dm"3. 
Perhaps the formation of the (Gly-H)'Gly-Na2C204 cluster at m/z 317, relative 

abundance of which increased with the Increase in the sodium oxalate 
concentration, caused the decrease in the abundance of (Gly-H)'Gly. The relative 
abundances of NaC204'-NaGly (Gly)n. or Na2C204-(Gly-H)"(Gly)n n= - 4; m/z = 

225, 317, 409, 501 also increased with the increase in sodium oxalate 
concentration (Fig. 8). 

In the FAB-MS spectrum of a very high concentration of potassium oxalate (10% 
glycerol saturated with potassium oxalate), (Gly-H)' was no longer the base peak. 
The relative abundance of all glycerol containing ion pairs and clusters was 
substantially lowered in this spectaim, as shown in Rg. 9. The gas phase ions of 
glycerol and clusters of NaC204'(Na2C204)n were relatively more abundant. 

FAB-MS spectra of mixed solution of 40.0 mmol dm'3 each of sodium sulfate 
and potassium oxalate (Fig. 10) showed the presence of NaS04' and KSO4" ion 
pairs, in addition of NaG204' and KO2O4' ion pairs. The relative abundances of 
NaS04" and KSO4' ion pairs is quite similar to that of NaC204" and KC2O4" ion 

pairs, which was expected on the basis of the similar values of stability constants of 
these ion pairs. The peak due to KC2O4' ion pair was mixed with a glycerol 
(matrix) peak of similar mass and hence appears to be larger than KSO4' ion pair 

peak. FAB-MS investigation of mixed solutions of potassium sulfate and potassium 
oxalate at high resolution confirmed that the relative abundance of KC2O4' ion pair 
is quite similar to that of KSO4' ion pair. These results suggest that abundances of 
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various ion pairs and ion pair clusters determined by FAB-MS of mixed solutions of 
sodium sulfate and potassium oxalate are closely related to their concentrations in 

solution. 

FAB-MS analysis of the solid potassium oxalate (without glycerol) did not show 
any ion pair or ion pair cluster formation. This suggested that KC2O4' ion pair and 
its clusters, determined in solutions, were not desorbed from the sputtered solid. It 
seems that FAB-MS results from potassium/sodium oxalates show different 
behavior than FAB-MS analyses of alkali halides''2,13 m case of FAB-MS study of 
alkali halides, very similar cluster formation was observed from the sputtered solid 
and from solutions. 

Although the results of low resolution FAB-MS analyses of potassium/sodium 
oxalate solutions and mixed solutions of sodium sulfate and potassium oxalate, 
reported above, are consistent with Ion pair formation of NaC204" and KC2O4" 

ions, it was thought desirable to confirm the presence of some of these ion pairs by 
high resolution FAB-MS analysis. Analysis of a 80.0 mmol dm-3 solution of 
potassium was carried out by high resolution FAB-MS using I" with m/z = 126.9045 
as standard, confirmed the presence of KC204" ions at m/z = 126.9383 (calculated 
mass = 126.9434). The presence of NaC204". HC204', NaS04" and KSO4" ion 
pairs was also confirmed by high resolution FAB-MS. 

In conclusion, the results reported in this paper have provided FAB-MS 
evidence for the existence of NaC204" and KC2O4" ions in solutions of sodium 

and potassium oxalate containing solutions. This contrasts with the assumption of 
Berland et.al. ^ who assumed sodium oxalate to be a completely dissociated 
electrolyte. The results are consistent with FAB-MS analysis carried by Caprioli "'O, 
and Johnstone and Rose "• ^ who demonstrated that FAB-MS can reveal the 
existence of ionic-equilibrium of liquid solutions. 
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Figure Captions 

Fig. 1 Fast-atom bombardment mass spectrum of 80 mmol dm'3 sodium 

oxalate in 10 % glycerol 
Fig. 2 Fast-atom bombardment mass spectra of 50.0 mmol dm"3 potassium 

oxalate in 10 % glycerol 
Fig. 3 Fast-atom bombardment mass spectra of 10.0 mmol dm"3 potassium 

oxalate in 10 % glycerol 
Fig. 4 Plot of the ratios of relative abundances of NaC204" (m/z s 111) : 

NaC204" (Na2C204) (m/z - 245) and NaC204" (Na2C204)2 (m/z - 

379) : NaC204' (Na2C204) against the concentration of sodium oxalate 

in solution 
Fig. 5 Plot of the ratios of relative abundances of KC2O4" (m/z = 1 27) : KC2O4' 

(K2C2O4) (m/z = 293) and KC2O4' (K2C204)2 (m/z = 459) : KC2O4" 

(K2C2O4) against the concentration of potassium oxalate in solution 
Fig. 6 Relative abundances of HC204' (m/z « 89), GlyNa" (m/z = 113), 

NaC204' (m/z =» 1 1 1 ), and GlyNa2" (m/z = 1 35) ion pairs as a function of 

sodium oxalate concentration 
Fig. 7 Relative abundances of glycerol clusters with the sodium oxalate ion pair 

i.e., NaC204'(Gly)n, (n » 1 - 4; m/z = 89, 295, 387, and 479) as a function 

of sodium oxalate concentration 

Fig. 8 Relative abundances of (Gly-H)' ions and its ion clusters with glycerol 
and Na2C204 i.e., (Gly-H)'(Gly)n (n s - 2; m/z ^ 91, 183, 275), and 
NaC204'-NaGly(Gly)n. or Na2C204-(Gly-H)"(Gly)n n- - 4; m/z « 225, 
317, 409, 501 as a function of sodium oxalate concentration 

Fig. 9 Fast-atom bombardment mass spectra of 10 % glycerol saturated in 
potassium oxalate 

75 



Fig 10 Fast-atom bombardment mass spectra of a mixture of 40.0 mmol dm"3 
each of potassium oxalate and sodium sulfate In 10 % glycerol 
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